The variation in the radula of three species of Lacuna has been investigated and the back of the rachidian tooth is proposed as providing a new character set of potentially high taxonomic value. The term basal plate is introduced for the back of the rachidian tooth. Cusp and tooth morphology are closely related to diet and wear, and are subject to considerable homoplasy, whereas the structure of the basal plate of the rachidian tooth provides a more neutral character set. The difference in this character set between the lacunids has been quantified using seven measurements and the exploratory multivariate statistical procedure principal component analysis. The basal plate of the rachidian tooth showed interspecific differences. The taxonomic value of this new character set should be evaluated in further studies of other prosobranchs.
Introduction
The radula of littorinids is of the taenioglossate type with the rachidian tooth in the centre surrounded by a pair of lateral teeth, a pair of inner marginal teeth and a pair of outer marginal teeth. In taxonomic studies the radula of littorinids must be used with caution due to considerable intraspecific variation in morphology (Borkowski 1975; Reid 1988; Padilla 1998) . Recently, Padilla (1998) has shown the presence of ecophenotypic plasticity, i.e. the morphology of newly formed teeth are influenced by the substrate on which the snails feed.
Several multivariate statistical studies concerning shell morphology in littorinids have been conducted (Janson and Sundberg 1983; Johannesson 1990, 1996; Sundberg 1988) . The radula can be used in similar morphometric analyses. On the cusped "front" of the radula there are not many obvious structural elements that can be measured due to the partial covering by the lateral teeth. The basal plate of the rachidian tooth, on the other hand, is a structure which offers clear possibilities for measurements.
The purpose of this study is to investigate and compare the morphological variation of the radula in three species of Lacuna Turton, 1827: L. pallidula (da Costa, 1778), L. parva (da Costa, 1778) and L. vincta (Montagu, 1803) , on the basis of sympatric specimens from the Isle of Wight, UK. The present study furthermore introduces the basal plate of the rachidian tooth as an adequate template for measurements which can be used in multivariate analysis.
Materials and methods
During a spring tide on 14-16 August 1997 approximately 50 specimens of each of the species Lacuna pallidula, L. parva and L. vincta were collected from Horse Ledge and Yellow Ledge (50°37′N, 1°10.5′E), Shanklin, Isle of Wight, UK. All three species were collected from the red algae Chondrus crispus Stackhouse and Mastocarpus stellatus (Stackhouse). L. pallidula and L. vincta were also found on the brown algae Laminaria sp. The three species represent the commonly found Lacuna species. The fourth European species, L. crassior (Montagu, 1803), which is not part of this investigation, is rare and inhabits the soft bottom at a lower depth. This species is considered a synonym of L. vincta by Hubendick and Warén (1976) .
The species were easily distinguishable. L. pallidula is orangegreen in colour, has a characteristically shaped aperture and nearly no spire. L. parva is predominantly unbanded white, but redbrown colour morphs are also present, and it has a slightly more pronounced spire than L. pallidula. L. vincta is banded and has a relatively well-developed spire [ Fig. 1 ; see also Fretter and Graham (1980) ].
The specimens were fixed in 4% buffered formaldehyde. For radula examination the radula was carefully removed, cleaned with 5% sodium hypochlorite to dissolve any remaining tissue and rinsed in demineralised water. The radulae were mounted individually on aluminium stubs and coated with gold. The radular teeth and basal plates of the rachidian teeth were examined with a JEOL JSM-840 scanning electron microscope (SEM). Measurements Variation in radular teeth and acuspid side of the radula in Lacuna pallidula, L. parva and L. vincta (Gastropoda: Littorinidae) from the Isle of Wight, United Kingdom were made on photomicrographs taken at 1,000× and 1,500× magnification.
The seven measured characters of the basal plate of the rachidian tooth are described as follows: A is the length measured in the centre of the tooth; B is the largest width of the anterior part; C is the largest width; D is the largest width of the posterior part; E is the width exactly between B and C. These measurements were introduced to separate L. pallidula and L. vincta from each other. The back of the rachidian tooth of L. pallidula appears slightly more curved between B and C than in L. vincta, and thus has a smaller width; F and G are the diagonals from the points of measurement in B to D. As the lateral teeth almost always cover part of the rachidian tooth, these measurements could not easily have been obtained from the cusped side of the radula.
Fifteen basal plates of the rachidian teeth were measured from each specimen and the mean of each of the variables was used in the statistical analysis.
Principal component analysis (PCA) was used to evaluate the quantitative data (Reyment et al. 1984) . The primary aim of the PCA analysis was to quantify and illustrate the difference between the three species. The statistical analyses were conducted with SAS version 6.12.
Results
Cuspid side of the radula I suggest the term "cuspid end" for the part of the teeth possessing cusps and opposite the "base" or acuspid end. In all three species, expanded lateral wings give the rachidian tooth a hexagonal outline which can be seen even more clearly from the back of the radula (Fig. 2 ).
The acuspid end ("base") of the rachidian tooth is considerably more narrow than the wings. Part of the wings is shaded by the raised shaft running from the base to the cusps (Figs. 2 and 3). In L. pallidula and L. vincta the rachidian tooth is much more longitudinally compressed than in L. parva. The lateral teeth in all three species have a well-developed littorinid notch (most clearly seen from the acuspid side), a groove for the inner marginal tooth, and the typical littorinid trapezoid base. On Fig. 2A the outer part of the littorinid notch appears thin in L. pallidula. This is due to intraspecific variation in L. pallidula; in most of the examined radulae the outer part of the littorinid notch has the same proportions as in L. parva and L. vincta (Fig. 2C, E) . The inner and outer marginal teeth are elongate with simple rounded bases and do not show any significant difference between the species.
The number of cusps on the different teeth is presented in Table 1 . The rachidian tooth always has five cusps and the outer pair of cusps in L. pallidula is generally more strongly developed than in the other species. The lateral teeth vary in the number of cusps only in L. vincta. The number of cusps on the marginal teeth is very plastic and varies even within a single specimen. The number of cusps on the outer marginal teeth of L. parva, which almost always is 2, is less variable than in the other species (Table 1) .
The back of the radula
The use of the back of the radula gives the opportunity to investigate structures of the teeth not previously considered in littorinid taxonomy. Structures of the examined teeth and structures which are covered by other teeth when viewed from the front are clearly visible. What has traditionally been termed the "base" of the teeth is an inappropriate term for the rachidian tooth, which lies embedded in the radular membrane with the cusps facing upwards (Fig. 3A) . The embedded side is the actual base of the rachidian tooth, so in the present account the term "basal plate" is adopted from patellogastropod terminology to refer to this structure (Fig. 3B, C) . The term "base" is appropriate for the end opposite the cusps in the marginal teeth, in which the base actually is embedded in the radular membrane. The term basal plate can also be used for the back of the lateral tooth.
The basal plate of the rachidian tooth provides a new character set in littorinid taxonomy. Therefore it is necessary to describe its morphology and to introduce some new terminology regarding its orientation (Fig. 3) . The back of the rachidian tooth is the side opposite to the cusped front and constitutes the basis of the tooth, hence the term basal plate is introduced. The basal plate is the structure of the tooth closest to the radular membrane. It is actually embedded in the radular membrane and careful removal of the membrane by sodium hypochlorite is necessary for the basal plate to be laid bare. The basal plate differs from the cusped front in the outline of the tooth; it is not merely a flat uniform structure, but has characteristics of its own. The basal plate appears to have less of a constriction or "waist" close to the "base" when compared with the front (Fig. 2) . This is the result of an undisturbed view of the outline of the wings, as it is presented from the back, until they merge with the base of the tooth. When viewed from the front the wings are partially covered by the lateral teeth, and the shadow effect of the different levels of the shaft (raised) and the wings (background) easily results in misinterpretation of the rachidian outline ( Fig. 2A, C, E) . On the basal plate of the tooth the "base", wings, and cusped part of the tooth can easily be recognised as constituting the outline. Furthermore, a raised central plateau surrounded by a groove can be recognised (Figs. 2B, D, F and 4C ). The central plateau is slightly divided into two raised parts along the midline, as indicated by the shadowing in Fig. 3C . Especially in L. vincta, there is a prominent edge between the outline and the groove.
The basal plate of the rachidian tooth in L. pallidula and L. vincta clearly shows that it is more longitudinally compressed than in L. parva. In contrast, L. pallidula and L. parva have a similar curvature from the most extended point of the wings to the base of the tooth, which in L. vincta is almost straight. 
Multivariate analysis
In the plot which illustrates the species distribution in relation to the first two principal components, L. parva is clearly isolated, while L. pallidula and L. vincta are less distinctly separated from each other (Fig. 5) .
The characters measured on the basal plate of the rachidian tooth are highly correlated with each other, and the first two principal components explain >95% of the variation between the characters (Table 2) . Character c on Fig. 4 is the single most important variable to contribute to the first principal component, and character e contributes most to the second principal component (Table 2) .
Discussion
The observed plasticity in the number of cusps on the marginal teeth reduces their use in taxonomic and systematic investigations. The possible homoplasy in these characters within a genus or between genera is very large. Reid (1989) stated that the number of cusps in the outer marginal teeth of Lacuna varied between one and four. The present study reports as many as five and seven cusps in the outer marginal teeth of L. pallidula and L. vincta, respectively. Tooth morphology is related to diet and cusp shape displays considerable ecophenotypic plasticity (Padilla 1998) and is therefore potentially subject to homoplasy; this is not necessarily the case with the basal plate of the rachidian tooth. So even if tooth morphology is similar due to convergence it might be possible to discriminate between species using the basal plate of the rachidian tooth. Marshall (1987) includes the back of the radular teeth in establishing homologies in them among different families of limpets.
L. pallidula and L. vincta occur in the littoral zone, with L. vincta occurring in the sublittoral as well (Grahame 1985) . They are not as specific in their choice of dietary algae as L. parva, which is sublittoral in its distribution (Ockelmann and Nielsen 1981; A. J. personal observation) . The greater variability of the radulae in L. pallidula and L. vincta could be related to their occurrence on a wider range of substrates.
L. pallidula and L. parva are classified in the subgenus Lacuna Turton, 1827 and L. vincta in the subgenus Epheria Leach, in Gray, 1847 (Reid 1989) . Even though L. pallidula and L. parva are classified in the same subgenus the basal plate of the rachidian tooth is actually more similar in L. pallidula and L. vincta.
The PCA separated the three species of Lacuna, and most clearly L. parva. As stated earlier, L. parva is known to feed on a limited number of red algae (Ockelmann and Nielsen 1981; A. J. personal observation). This specialisation could be the reason for the less scattered distribution of this species in the principal components plot. The analysis summarises the variation in the data set well; this demonstrates the usefulness of the basal plate in multivariate analyses.
The recent examples of ecophenotypic plasticity in littorinid radulae (Padilla 1998; Reid and Mak 1999) emphasise that one should be very careful when using radula morphology as a taxonomic and systematic tool. The present study has used specimens collected from the same species of algae, but the greater radular variation displayed by L. pallidula and L. vincta in the principal component plot could be an indication of greater ecophenotypic plasticity than in L. parva. The morphology of the basal plate of the rachidian tooth in other prosobranch genera looks very different from that in Lacuna (A. J. personal observation). For example, in Littorina littorea (Linnaeus, 1758) it is more hourglass shaped than in Lacuna. The basal plate of the rachidian tooth is more than just the opposite side of the tooth, as it has structures of its own (e.g. a groove along the outline and a central plateau). Further investigations should examine the usefulness of this character set in taxonomic and phylogenetic studies concerning other prosobranch taxa.
